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Abstract The Internet of Things has created an increasing demand for giant magnetoresistive (GMR)

sensor owing to its high sensitivity, low power-consumption and small size. A full Wheatstone bridge GMR

sensor is fabricated on 6-inch wafers with an annealing process on patterned devices. It can be observed that

GMR resistors could have different pinning directions in one wafer by magnetic resistance measurements and

MATLAB simulations. The full Wheatstone bridge device shows a sensitivity of 2 mV/V/mT in a linear

range of ±6 mT, and its angular response to the surrounding magnetic field is as low as 0.08 mT. These

results demonstrate a new approach to high-sensitive and low-cost GMR sensors with a controllable post

annealing process.
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1 Introduction

Giant magnetoresistive (GMR) sensors have been widely used in industry and daily life since the GMR
effect was discovered by Albert Fert [1] and Peter Grunberg [2] in the 1980s. In the magnetic sensing field,
market demand has led to a wide range of applications, such as e-compass [3], nondestructive testing [4,5],
biosensing [6]. Especially with the advent of the Internet of Things era, GMR sensors have provoked
much attention owing to its high sensitivity, low power consumption and small size. As a good example
in the consumer electronics and automotive industry, e-compass can track the location of mobile phones
or vehicles in a sudden GPS signal loss [7]. Although the Hall sensor occupies a large part of e-compass
market currently, the share of GMR-based magnetic sensors is growing owing to the urgent needs for
sensors with higher sensitivity and smaller volume in the state-of-the-art application scenarios [8–10].

One of the major challenges faced by GMR-based sensors is how to meet the requirements of stabiliza-
tion of thermal drifts since their operating ambient temperature varies meanwhile the GMR effect changes
with temperature [11]. Wheatstone bridge configuration, as an effective way to solve the issue of thermal
drift, consists of four active resistive elements, which have the same temperature coefficient ratio (TCR),
and therefore it could have a null output when temperature drifts [12]. Meanwhile, the response of two
adjacent resistive elements should be asymmetric to external fields to constitute a differential circuit, as
shown in Figure 1(a) [13, 14].

There are several typical techniques to fabricate a full Wheatstone bridge based GMR sensor. A simple
method is to assemble four identical resistive elements along with the opposite sensing directions, and
then connect them via wire bonding [15]. However, this method may cause alignment errors, which is not
conducive to mass production. To avoid this problem, fabricating the full Wheatstone bridge at one time
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Figure 1 (Color online) (a) Image of a full 6-inch wafer and single device of Wheatstone bridge in the center field. (b) The

Kerr loop of the full film measured at room temperature. (c) The R-H curve of the patterned device with the indicated magnetic

directions of two pinned layers (P1, P2) and free layer (FL), respectively, and the inset shows the R-H curve of the full film.

is a good option. Many researchers have exploited various new processes. One method is to form two
opposite pinning direction of GMR films on the same wafer by changing the synthetic antiferromagnetic
(SAF) structures with two steps deposition, and then fabricate devices [16]. This method can solve the
deferential circuit problem, but it will increase the cost during the film deposition process. Another
approach is to anneal the patterned devices by local laser heating and magnetic field, which is considered
to be a popular candidate method [17]. However, the inefficiency of the laser heating process restrains
the throughput of mass production. In our previous research, a concise one-time post annealing process
has been demonstrated to fabricate the full bridge GMR sensor [18]. In this paper, we implanted these
processes on 6-inch wafers, studied the pinning directions of the full bridge sensor, and gave a detailed
simulation proof, to prove that post annealing process is a promising method for mass production.

2 Materials and methods

A bottom-pinned multilayer stack Ta(5.0 nm)/NiFe19(2.0 nm)/IrMn80(7.5 nm)/CoFe10(2 nm)/
Ru(0.85 nm)/CoFe30(2.1 nm)/CuO(1.9 nm)/CoFe30(1.0 nm)/NiFe19(2.0 nm)/Cu(1.0 nm)/Ta(3.0 nm)
is deposited on thermally oxidized Si substrates by a Singulus magnetron-sputtering system. The film
is patterned to devices by lift-off and etching processes. Lithography and etching were performed with
Nikon I10D stepper and ion beam etch (IBE). The details of fabrication processes can be found in the
study of other researchers [19]. The patterned wafer was then annealed in a high vacuum Futek furnace
at 270◦C under 1 T magnetic field which is set along the X axis for 1 h to define its pinning direction.
The key to this post annealing process is the design of each transducer in the Wheatstone bridge, as
shown in Figure 1(a). The angle of transducers between the annealing magnetic field was −45◦ and 45◦,
respectively. Each transducer was designed as 2 µm × 50 µm and 4 transduces connected in serials to
form a bridge element. By tuning the annealing condition, it could have a Y -direction field response as
in Figure 1(a).
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Figure 2 (Color online) (a) The R-H loop of a GMR transducer along the annealing direction. (b) The R-H loop of a GMR

transducer perpendicular to the annealing direction. (c) The R-H loop of a GMR transducer with an angle of −45◦ to the annealing

direction, and (d) the R-H loop of a GMR transducer with an angle of 45◦ to the annealing direction.

The magnetic properties of full films are characterized by the magneto-optical Kerr effect (MOKE)
system and a vibrating sample magnetometer (VSM). The change of resistance and voltage with an
external field (Hext) is measured on a four-probe platform. The R-H curves of GMR transducers are
measured by tracking the voltage at a fixed bias current of 1 µA, and V -H curves of Wheatstone bridges
are characterized under a bias voltage of 1 V at room temperature. The angular response to the ambient
magnetic field is measured by a rotation station.

3 Results and discussion

Figure 1(b) shows the in-plane magnetization curve of the film underHext applied along theX-axis. In the
stack, the first pinned layers (P1), the second pinned layer (P2), and the free layer (FL) played important
roles when the magnetic field changes. The film exhibits an exchange coupling field of about 300 mT,
indicating that P1 has good performance. Here, P1 and P2 are antiferromagnetically coupled when the
thickness of Ru is 0.85 nm. P2 and FL are ferromagnetically coupled and the interlayer coupling field (Hin)
is about 2 mT. As shown in the inset of Figure 1(b), the R-H curve of full film is RAP = 22.94 Ω/2 and RP

= 21.63 Ω/2; i.e., RAP and RP is the sheet resistance of the film when moments of P2 and FL are aligned
in antiparallel and parallel ways, respectively. The GMR ratio ∆R/R = (RAP − RP )/RP × 100% [20]
is 6.05%. The R-H curve of a Wheatstone bridge element under the same Hext is shown in Figure 1(c)
and its GMR ratio reaches about 4.7%. The reduction in GMR ratio is due to contact resistance and
damages at the edges of devices during fabrication [21].

Figure 2(a) is about the R-Hy curve of a 0◦ design transducer which shows symmetry behavior as the
magnetic field changes from negative to positive, meaning that Hy is perpendicular to P1. And R-Hx

shows the largest magnetoresistance (MR) with maximum magnetic hysteresis. It is concluded that P1 is
along with the annealing direction of X axis. At zero field, the curve is at its lowest point, meaning that
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Figure 3 (Color online) The simplified film stack and schematic geometry of the magnetization M in each layer of transducer.

P2 and FL are ferromagnetically coupled. Figure 2(b) is the R-H curve of a 90◦ design transducer which
is the same as 0◦ design, showing that P1 direction is along the annealing magnetic field. Figure 2(c) is
a −45◦ design transducer, and R-Hx and R-Hy loops show similar behaviors which indicates that the
P1 direction exhibits a deflection angle with the annealing field. To find the accurate deflection angle,
we measure the R-Hy loop in different directions by rotating the device to get a symmetric R-Hy loop
which means that Hy is perpendicular to P1 direction, and finally the angle is obtained to be 25◦. In the
45◦ design GMR transducers, the pinning direction is determined in the same way, and its angle is found
to be −53◦. By comparing 45◦ and −45◦ design GMR transducers, it can be found that their dR/dHy

exhibited opposite signs, which serve as two adjacent elements of a Wheatstone bridge. And the signs of
dR/dHx are in the same, meaning that the sensitive axis of the Wheatstone bridge is the Y direction.

To confirm that the pinned directions of magnetic layers are accurately measured, a simulation was
performed on MATLAB, based on Stoner-Wohlfarth coherent rotation model [22, 23]. The calculating
energy in the sensor model includes Zeeman energy, anisotropy energy, interlayer coupling energy between
ferromagnetic layers and exchange coupling energy between P1 and antiferromagnetic layer. The energy
per unit area can be expressed as

E = EFL + EP1 + EP2, (1)

where EFL is the energy of FL, EP1 and EP2 are the energy of P1 and P2, respectively. Figure 3 is the
schematic geometry of the magnetization M in each layer of spin valve transducer. For FL, the energy is
given by

EFL = −MFL ·Hext −MFL ·Hin + 2π
M2

FLtFL
w

sin2 (θFL − θ0) +
1

2
MFLHkFL sin

2 (θFL − θ0) , (2)

where the first term is Zeeman energy, the second term describes the interlayer coupling energy, the third
term is the shape anisotropy energy and the last term is induced anisotropy energy. In this equation,
MFL is the magnetization of FL, tFL is the thickness of FL, w is the width of the device, HkFL is the
induced anisotropy field of FL, θFL is the angle between MFL and the X direction. And θ0 is the angle
between the easy axis (e.a.) of FL and the X direction. In P1, the energy is expressed as

EP1 = −MP1 ·Hext −MP1 ·Hex + 2π
M2

P1tP1

w
sin2 (θP1 − θ1) +

1

2
MP1HkP1 sin

2 (θP1 − θ1) , (3)

where MP1 is the magnetization of P1, tP1 is the thickness of P1, HkP1 is the induced anisotropy field of
P1, θP1 is the angle between MP1 and X direction and θ1 is the angle between e.a. of P1 and X direction.
Similarly, the energy expression of P2 is as follows:

EP2 = −MP2 ·Hext + 2π
M2

P2tP2

W
sin2 (θP2 − θ2) +

1

2
MP2HkP2 sin

2 (θP2 − θ2) +MP2 ·HP1P2, (4)

where the last term is the coupling energy of P1 and P2. MP2, tP2, HkP2, θP1 and θ2 have the same
definition as that in (3) and HP1P2 is the coupling field between P1 and P2.

Based on the principle of energy minimization, we can deduce the formula ∆R/R = 1
2MR[1−cos(θFL−

θP2)], where MR is the maximum magnetoresistance of the sensor. Figure 4(a) shows a −45◦ design GMR
transducer and Figure 4(c) is about a 45◦ design GMR transducer, and both transducers were measured
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Figure 4 (Color online) (a) The R-H curve of −45◦ GMR transducer under Y direction Hext. (b) MR-H curve of a GMR

transducer under Y direction Hext where θ1 is set to 25◦ and θ2 is set to −155◦ to match the measured pinning direction. (c) 45◦

GMR transducer result and (d) the correspondent simulation with θ1 = −53◦ and and θ2 = 127◦. R-H loop calculated with the

following parameters: MR = 6.05%, MFL = 1060 emu/cm3, MP1 = 1580 emu/cm3, MP2 = 1850 emu/cm3, Hin = 2 mT, HkFL =

1 mT, HkP1 = 3 mT, HkP2 = 3 mT, Hex = 200 mT, HP1P2 = 500 mT, tFL = 3×10−7 cm, tP1 = 2×10−7 cm, tP2 = 2.1×10−7 cm

and W = 2 × 10−4 cm.

and analyzed under Y direction field. Figures 4(b) and (d) are the corresponding simulated curves. In
Figure 4(b), the simulation parameters were set to be the same as measurement results, i.e., θ0 = −45◦,
θ1 = 25◦ and θ2 = −155◦, MR = 6.05%, MFL = 1060 emu/cm3, MP1 = 1580 emu/cm3, MP2 =
1850 emu/cm3, Hin = 2 mT, HkFL = 1 mT, HkP1 = 3 mT, HkP2 = 3 mT, Hex = 200 mT (measured
by a Ta(3.0 nm)/Ru(3.0 nm)/IrMn(7.5 nm)/CoFe10(2.1 nm)/Ta(2.0 nm) multilayer), HP1P2 = 500 mT
(measured by a Ta(3.0 nm)/Ru(3.0 nm)/CoFe10(2.1 nm)/Ru(0.85 nm)/CoFe30(2.0 nm)/Ta(2.0 nm)
structure), tFL = 3 × 10−7 cm, tP1 = 2 × 10−7 cm, tP2 = 2.1 × 10−7 cm and W = 2 × 10−4 cm. It
shows that the simulated R-Hy curve is similar to the measured curve. In Figure 4(d), the simulated
parameters θ0 = 45◦, θ1 = −53◦ and θ2 = 127◦ are changed and the others remain the same. By
comparing Figures 4(c) and (d), the trend between experimental and simulation results matches each
other well, despite a little mismatch in the actual behaviors, for the stray field and edge effect are not
considered. But the simulated trend has proved the measurement to determine magnetic direction is
reliable.

The GMR transducers could have two different pinning directions owing to shape anisotropy and
stray field of the patterned device. Annealing process includes two stages. The first stage includes
annealing under a field of 1 T during 1 h at a temperature of 270◦C. This temperature exceeds the
blocking temperature for the antiferromagnet IrMn80. In this stage, moments of pinning and pinned
layer are normalized to the direction of the external magnetic field. The second stage is to remove the
external magnetic field and cool it down. In this stage, with the help of stray field and shape anisotropy,
the magnetization of pinning layers turns to the lowest energy state as we simulate, and their rotation
direction is opposite. After the devices cool down to blocking temperature, the directions then are fixed
with the help of exchange coupling between IrMn80 and CoFe10.
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Figure 5 (Color online) (a) The output of bridge under a 1 V bias voltage and (b) the angular dependence output of full

Wheatstone bridge under an environmental magnetic field.

In Figure 5(a), the output of the full bridge sensor is measured under a 1 V bias voltage by sweeping
the external field in a range of ±30 mT. The sensor has a linear response to the external field along
the Y -axis and has a sensitivity of up to 2 mV/V/mT within the linear range of ±6 mT. When the
external field is along the X direction, the output of the sensor is approximate to zero, meaning that it is
insensitive to this field and the hump is near zero field, for P1 of 45◦ and −45◦ design GMR transducers
are not orthogonal well. It has a linear output in the Y direction, illustrating that this bridge can be a
magnetic field sensor along the Y direction. Figure 5(b) is an angular dependence output of the device
under an environmental magnetic field which is about 0.08 mT. The output voltage has a good cosine
relation to the rotation angle which is V = 22.43 + 42.72× cos(ϕ ×

π

180 − 3.71) (µV). The voltage offset
about 22.43 µV is due to an unbalanced Wheatstone bridge caused by lithography or etching. And phase
shift is introduced when the sensor is put on the measurement platform. Using the highest slope of
the fitted curve to stand the angle sensitivity of the sensor, a value of 0.75 µV/◦ can be derived. This
performance shows the sensor is a good candidate for the e-compass application.

4 Conclusion

In conclusion, a full Wheatstone bridge GMR sensor is fabricated on 6-inch wafers with annealing process
on patterned devices. P1 of 4 kinds of GMR transducers design were measured, demonstrating that it
could have different pinning directions in one wafer. A MATLAB simulation of each layer magnetization
has been performed and proved that the measurement of P1 is proper. The sensitivity of this sensor
reached 2 mV/V/mT in a linear range of ±6 mT which can sense the environmental magnetic field
around 0.08 mT. This method makes it possible to produce a full Wheatstone bridge structure sensor at
a lower cost and can be a promising solution for mass production.
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